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ABSTRACT

The work progress since the last Technical Note is summarized.
Included is a report on the present status of the C-band microwave high power
facility located at the Long Island Graduate Center of the Polytechnic Institute
of Brooklyn; the design and construction of a high power microwave flywheel
operating in oversized rectangular waveguide; the development of two different
broadband, gaseous discharge type, C-band microwave switches of low insertion
loss and high speed, acting in a few tens of nanoseconds or less and capable of
handling megawatt peak powers; and work on the interaction of high microwave
fields with metals.

The switching work was aimed toward solving the problem of dis-
charging the cnergy that will be built up in the microwave flywheel as a short
pulse of extremely high power (35-50 Mw). One device is a dc triggered spark
gap operating at atmospheric pressure or higher; the other is a waveguide low-
pressure hydrogen gas thyratron.

The interaction of high microwave fields with metals was obtained in
a coaxial resonator operating in the TEOI circular electric mode with the test
specimen as inner conductor. With moderate average powers (about 400 w) it
was possible to melt thin-walled tubes of stainless steel and aluminum and to
‘simulate the effect that might be produced by a uniform plane wave of several

hundred thousand w/cmZ power density incident (normally) on a sheet of metal.
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1. Introduction ' ;

This report summarizes the work accomplishment since the Technical

Note on High Power Microwave Electronics, Report PIBMRI-947-61. It describes:

(1) the present status of the C-band high raicrowave
power facility

(2) progress on the higch power microwave flywheel
(traveling wave resonator)

(3) work on several fast, low loss, high power gas

discharge switching devices which promise a solution

to the problem of extracting the power out of the flywheel

(4) experiments recently completed on the interaction of

high microwave fields with metals.

Included also are the results of two analyses related to the operation of the
flywheel. In one of these, the enhancement of the microwave electric field at the
rounded edge of a thin septum in a rectangular waveguide is examined. From the re-
sults, the theoretical breakdown strength of septated waveguide, such as is used in
mode filters and directional coupler structures, can be inferred. In the second, the
effects- of phase variation of the klystron amplifier supplying pulsed power to the fly-
wheel are examined with respect to the microwave power build-up in the ring. Such

a phase variation can be caused by a small ripple on the pulsed beam voltage of the

NP ST SIS

klystron and it is important to know what effects are to be expected. !




II. High Power Microwave Facility:

Prof. S, W. Rosenthal; E, Grimza, E. Malloy

This facility includes a number of high power C-band microwave sources

of varying capabilities and suitable for a variety of experimental purposes. These have

JRP S

been described in the previous Technical Note. The one megawatt C-band magnetron

system has proved very useful and much work on high power switch testing and inter-

action of high microwave fields with metals has been accomplished with its aid. The one
megawatt rating has, however, been nominal rather than actual because of somewhat :
improper matching of the modulator pulse forming network impedance to the magnetron
and the not quite correct turns ratio of the pulse transformer. This will be corrected

in the near future so that the full megawatt peak power output may be realized. The
C-band (Sperry SAC 214) klystron system has been operated at about 1. 5 megawatts peak,
0.6 microsecond pulse width using a magnetron driver of 20 kw peak power capability.
This system, however, is limited at present by 'the fixed frequency and narrow pulse
width of its driver. Procurement of a driver of variable frequency and pulse width with
sufficient rf output to enable the klystron amplifier to attain its rated output would greatly
enhance the usefulness of that source. The 10 mepgawatt peak power C-band klystron
system is now in full operation and is producing its rated output, but has not yet been
completely checked out. It has been used in connection with high power testing of micro-
wave switches and other components, plasma investigations, and in an unusual experi-

ment in which high microwave power was focussed on a hypersonic shock wave.
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III. Power Enhancement Devices and Related Work:

Profs. H. Farber, J.W.E, Griemsmann, S. W, Rosenthal,
M. Sucher; H. Goldie, D. Jacenko, M. Klinger; E. Malloy

A. Traveling Wave Microwave Flywheel

The dischargeable traveling wave resonator (TWF) as a peak power enhance-
ment device was fully discussed in the previous Technical Note. Since then, a C-band
tall waveguide prototype resonator capable of enhancing an input power of 5 Mw to about
50 Mw has been almost completed. This ring will be only 40 feet long instead of 500
feet as originally contemplated, but will incorporate the same critical components that
would have gone into the longer ring and will be expandable to a greater length by simply
adding straight oversized waveguide runs. It should be possible to achieve higher simu-
lated power levels with this device than with the longer ring because of the lower losses
and to conduct switching experiments at high power levels.

Sucha ring will also permit the study of higher mode problems, although the
mod e resonances will not be nearly so closely spaced as :n the longer ring. Nevertheless,
such a resonator should yield valuable information with regard to coupling into and out
of the ring and with respect to breakdown of mode filters and septated waveguides used
in the construction.

A schematic of the ring is shown in Fig. 1 and photographs of the completed
components in Fig. 2. The input and output coupiers are of a multideck construction
and connected to the rest of the ring by curvilinear tapered transitions. Septated modal
filters are introduced into the ring between the straight sections of the oversized wave-
guide to reduce (if not entirely to eliminate) the number of higher modes excited in the
oversized ring components. Power will be fed into the input coupler of the ring by means
of a tapered transition. The straight portion of the ring will consist of four sections of
oversized waveguide each 34" long and having inside dimensions of 5. 75" x 11.168". The
input coupler will be a multideck device consisting of twelve C-band 11 db sidewall multi-
hole directional couplers arranged one on top of the other. This construction should
enable the input coupler to handle power twelve times higher than an ordinary C-band
directional coupler and also should eliminate the possibility of exciting higher modes in
the coupling region where they might give unpredictable results. Losses of the multi-
deck coupler should be almost equal to the losses of the ordinary C-band directional
coupler because the power will be divided equally among the parallel waveguides com-

prising it.




The output or monitoring coupler is similar to the input coupler and con-
sists of a twelve C-band waveguide multideck array. It incorporates, in its construc-
tion, two bends which serve to connect the two straight waveguide sections together and
thereby close the ring. Power can be coupled out of two of the twelve stages of the
coupler into standard C-band waveguide separately. This arrangement permits the
simultaneous use of both couplers, each with a different degree of coupling, simplifying,
therefore, the study of the performance of the resonant ring under different conditions.

The particular curvilinear shape used in the transitions consists of the arcs
of two equal circles of large radius inverted with respect to each other at the midpoint
of the transition. (This configuration has been tried in a previous project at our lab -

oratory and proved satisfactory with respect to reducing the generation of higher modes.)

B. Theoretical Breakdown Field for Septated Waveguide

Since septated waveguide is used in the ring resonator both for mode filtering
and in the multideck directional coupler assembly, it is important to know the extent to
which the breakdown strength is lowered as a result of the corners at the edge of the
septum. A theoretical analysis of the electric field enhancement at a suitably rounded
corner has been made by means of a conformal mapping technique using a static approxi-
mation and the results are given in a table below.

A simple problem was chosen - that of two plane parallel plates of infinite
extent, spaced a distance 2a apart, containing a third parallel plate (or septum) of semi-
infinite extent half way between the two plates and of thickness 2d, as shown in Fig. 3(a).

If the upper and lower plates are at potentials ¢, and e respectively, there will be an

essentially uniform electric field, El = (¢3 -¢1)3/2a, between the plates far from the
edge of the septum. As the septum is approached, the field will be intensified, reaching
a maximum value (Emax) at the edge of the septum, while far from the edge, in the
region between the septum aml either of the two plates, the field will again become uni-
form. The latter field is designated as Ew and equals (cb3 -¢.1)/2a (1-p), where p = g, :
or Eoo = E;o/'(l -p). (See Fig. 3(b), which shows the traces of the equipotential surfaces
and the field lines for the region between the plane of symmetry, at an intermediate
potential ¢2 = ¢1 + (4:3 - ¢l)/2, and the lower plate,) The assumption has been made that
the edge of the septum has been rounded to have (approximately) a semi-circular con-
tour, with radius of curvature equal to d. For an infinitely thin septum,

1 X" Ec'n (1+2/7) or 1. 637 Eoc’ Eco = E;o. As the septum thickness increases,

ma

Emax/Et‘:o likewise increases as shown in the table below., The complete data for the

solution of this problem are given in Appendix A of the Seventh Quarterly Letter Report
for the period ending December 31, 1961.




If, instead of a semicircular contour, a semi-elliptical one had been fitted,
the field intensification would have been less, the amount of decrease depending on the
flatness of the ellipse {semi-major axis parallel to septum). To obtain such a con-

tour, in practice, might, however, be quite difficult.

TABLE - Field Intensification at Rounded Edge of Septum

for Various Radii of Curvature

ng 0 0.01 | 0.02 | 0.05 0.1 0.2 0.3 0.5
Emax
= 1.637 | 1.626 | 1.620 | 1.596 | 1.554 | 1.471 | 1.385 | 1.212 ,
o0 £
E !
'E':"a" 1.637 | 1.644 | 1.653 : 1.680 | 1.727 | 1.839 | 1.979 | 2.424 ik
H i
0 !

C. Effect of Beam Voltage Ripple in High Power Pulsed Klystron

Amplifier on Resonator Gain

In the operation of the high power pulsed klystron amplifier supplying the
input microwave pulse to the traveling wave resonator, a small ripple occurs in the
pulsed beam voltage. Since a variation in beam voltage produces a phase shift in the
microwave output of the tube, it was important to examine the effect of the voltage rip-
ple on the gain of the ring resonator. In the analysis that was made*, the phase shift
of the amplified signal was calculated as a function of the beam voltage and these results
were then applied to the particular waveform of the ripple appearing in the beam voltage.

Theory indicates that the relative pinase shift between output and input signal
of the klystron amplifier should be an almost linear function of beam voltage (approxi-
mately 10 degrees for a one percent change at 150 kv, or 6.7 degrees per kilovolt). This
was computed from small signal theory and is shown in the curve designated " ideal" in
Fig. 4. Curvel in the same figure was experimentally obtained at an rf input power
level sufficient to drive the tube to saturation at each value of beam voltage used; curve
2 was experimentally obtained at an rf input level equal to one tenth the value needed for
saturation. All three lines have essentially the same slope. The experimental setup
for these measurements is shown in block diagram form in Fig. 5. The observed wave-

form of the beam voltage pulse is shown in Fig, 6. There are two main ripple frequency

components present, one due to the sawtooth top, having a 100 kc fundamental component,

ggalvatore Barbasso, Jr., " The Effects of Phase Shift Upon Ring Resonator Performance",
Master's Thesis, Department of Electrophy3ics, Polytechnic Institute of Brooklyn,
Long Island Graduate Center, Farmingdale, N.Y., June, 1963.



the other due to the 500 kc ripple riding on the sawtooth. The resulting Jbhase modula-
tion produces sidebands deviating by 100 and 500 kc from the carrier with relative am-
plitudes as shown in Fig. 7. (The energy of outlying sidebands is negligible.) As a

result, the carrier component is reduced to 0.974 of the amplitude for a perfectly flat

voltage pulse and the consequent reduction in gain is about 5 percent,

D. High Power Switching Devices "

Work has been concentrated on two different types of gas discharge switches
giving promise of possessing the necéssary qualifications for use with the proposed
microwave flywheel. These qualifications are: high switching speed (less than 30
nanoseconds), low insertion loss (less than 0.2db), and high peak and average power
" handling capability (about 5 megawatts peak, 5 kilowatts average). Both types of
switches, in their present state of development, satisfy the first two requirements and
are well on their way toward satisfying the third. The first device to be described is a
waveguide grid-controlled low pressure gas discharpe tube (waveguide hydrogen thyra-
tron). The second is a (high pressure) waveguide microwave spark gap in which the rf

discharge is triggered by a high dc field of fast rise time superimposed on the rf field.

1. Waveguide Hydrogen Thyratron

A comprehensive description of the development of this switch has already
been prepared as a special report*. Therefore, a brief summary of its construction,
principle of operation, and present state of development will be given here.

The construction of this tube is apparent from Figs. 8 and 9; a photograph
of the tube is shown in Fig. 10. The tube is a gas triode containing a heated cathode,
anode, and a control grid which initiates the discharge. The cathode and anode structures
are mounted immediately outside the broad walls of a section of RG-49/U waveguide
which is sealed off at each end by a broadband triple iris glass microwave window. The
broad walls of the waveguide, suitably perforated, act as' the control grid. The tube .
can be filled with hydrogen from a heated reservoir included in the cathode structure
and the gas pressure can be controlled by means of the voltage applied to the reservoir
heater. '

The grid is normally at negative pctential with respect to the cathode and, '
in this condition, prevents the thermoionically emitted electrons from entering the
waveguide region and causing either a microwave or dc discharge. When a positive pulse
is applied to the grid (with the anode at a high positive potential), the low press‘ure
hydrogen gas filling the waveguide is rapidly ionized. The resulting high density of

*H. Goldie, " A Fast Broadband High-Power Microwave Switch", Report PIBMRI 1111-63,
11 February 1963, RADC-TDR-63-139.




electrons causes the ionized gas to acquire a negative permittivity and raises the cut-
off {requency of the discharge region in the waveguide well above the applied rf frequency.
Consequently, the incident rf power is largely reflected, while a small fraction is ab-
sorbed in supporting the discharge and an almost negligible amount is permitted to leak
: past the discharge region.
A block diagram of the charging and discharging circuits for the tube is
shown in Fig. 1l{a) and a schematic of the modulator in Fig. 1l(b). The circuitry is

conventional and contains a variable dc power supply, producing up to several kv, a

charging choke, hold-off diode, and a pulse forming network (at present this is in the
form of several hundred feet of 50 ohmcoax.ial cable) which is terminated in a resistive
load in series with the waveguide thryatron. The load resistance (RL) is usually, but
not necessarily, matched to the cable characteristic impedance Zo‘ When RL = Zo’
the cable will charge up to twice the dc voltage output Ebb of the power supply. For
RL < Zo‘ the cablc charges up to a higher voltage™. When the grid of the thyratron is
triggered with a positive pulse, the cable discharges through the tube and load resis-
tance, producing a rectangular current pulse whose duration is essentially twice the
delay time of the caBle. The hold-off diode serves to prevent the discharge of the cable
through the power supply. Typical switching waveforms are shown in Fig. 12 and a
block diagram of the complete setup used in testing the tube in Fig, 13.

The switch data are summarized below.

The rf switching characteristics are:

peak rf hold-off power in excess of one megawatt (at ly s pulse width)
rf switching time 20-30 nanoseconds

isolation greater than 40 db

arc loss 0.5 -0.9db

" cold" insertion ioss 0.1to 0.2 db

frequency band limited only by waveguide windows - essentially

the entire operating band of RG-49/U waveguide

deionization time approximately 35u s

Typical dc operating characteristics are:

forward anode voltage 4 kv
, peak anode current 10 - 20 amps
voltage drop across tube when conducting 150 v
grid trigger pulse 50 - 100 v (positive)
pulse repetition rate 500 pps
hydrogen gas pressure less than 0.2 mm Hg for

high rf peak powers L
*R.F. Reintjes and G. T. Coate, editors, Principles of Radar, M.1. T. Radar School
Staff, Third Edition, pp. 170-176, McGraw-Hill Book Co., N.Y., 1952




Fig. 14 shows a set of oscillograms of the switching action of tiic tube in
which the envelopes of the reflected and transmitted rf pulse are compared on a dual
beam oscilloscope under three different conditions. In Fig. l4(a) the thiyratron is fired
just before the rf pulse arrives at the tube, causing complete reflection of the incident
pulse and zero transmission past the tube. In Fig. 14(b) the thyratron is fired while the

rf pulse is passing through the tube. As a result, half of the pulse is reflected and half

is transmitted. Fig. 14(c) shows the r{ hold-off characteristic of the tube. With the tube
fired after the pulse has been transmitted past it, no breakdown of the pulse during trans-
mission is seen to occur.

It should be noted, that to the best of our information, the peak powers
switched by this tube (expresscd as a fraction of the waveguide power capacity of air
filled guide) are higher and the switching times shorter than any so far reported in the
literature for this type of discharge. Furthermore, this tube has been operated so as
to hold off almost © megawatts of peak power (at one microsecond pulse width) but
switching action could not be initiated with the available grid trigger voltages. It is ex- :
pected that a change in cathode-grid spacing (now being incorporated into a new experi- 3

mental tube) will overcome this problem.

2. DC Triggered Microwave Spark Gap Switch

The problems that posed themselves in connection with this type of switching
device were: (a) the design of a spark gap producing an intense, jitter-free, concen-
trated discharge in a localized region in the waveguide, (b) incorporating the gap ina
suitable waveguide configuration so that the resulting " cold" losses (i.e., with gap not
triggered) would be low, (¢} finding an effective way of superimposing a high dc field on
the rf field propagating through the gap without increasing the " cold" losses or reducing
the rf hold-off, (d) keeping the "isolation™ and "arc loss" at reasonable values. In
addition, very short switching times were desired (less than 30 nanoseconds).

Outofa number of different attempts at solving the above problems there
finally emerged a satisfactory switch structure (to be described shortly).

One of the earlier attempts is shown in Fig. 15. The switch consists of a
short transmission cavity in half-height {(swayback) waveguide with input and output
coupling structures in the form of inductive irises, one of which contains the spark gap -
(Fig. 16). The difficultics with this configuration were: excessive insertion loss (about
1.4db), excessive jitter duetoaspray type of discharge having alarge random con{poncnt,
and excessively long switching time. Some improvement was obtained by going to a dif-
ferent transmission cayity configurationas showninFig.17. By use of movable plungers

a better input VSWR was realized. This was accompanied by a reduction in arc loss
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(to 0.2 db with switch triggered) but also by an increase in " cold" insertion loss to
about 0.5.0.9 db, mostly because of the lengthened cavity and the additional losses of
the movable plungers. The approximate pulse shape envelopes for this arrangement are
shown in Fig, 18,

It was next decided to try the same gap configuration in conjunction with a
short slot hybrid and one movable plunger, as shown in Fig. 19 to produce a phase shift
type of switch - that is - one in which the position of a standing wave minimum is shifted
by approximately a quarter wavelength when a discharge is initiated. (In this case, with
the switch in the untriggered state, power is transmitted from port 1 to port 4 with little
loss, while a triggered discharge causes most of the power to be reflected back to port 1.)
A truncated cone spark gap configuration (Fig.20a) in normal height waveguide was sub-
stituted for the previous type and gave improved results, but the peak power handling
capacity (300 kw) was lower than had been hoped for.

The most successful spark gap (shown in Fig.20b) gave distinctly improved
results with respect to jitter, rf power hold-off, switching time, and arc loss.

The reason for the improved behavior is the existence of a common discharge
path for the dc and microwave spark and the attainment of twice the former dc field
strength in the gap. In the other configuratiors, becausc of the annular construction of
the trigge.r electrode, the discharge path was not uniquely defined and the dc triggered
microwave spark could jump across two generally different paths. One of these lay on
the surface of a cone extending from the outer edge of the annular region surrounding
the trigger electrode to the opposite electrode. The other preferred path extended:
directly across the gap between the two electrodes. By appreciably intensifying the dc
field with the available voltage and locating the strengthened field directly across the in-
tended microwave discharge path, faster switching times, and more intense and regular

sparking was realized with consequent reduction in both jitter and arc loss

The switch characteristics are summarized below:

peak of holdoff power about one megawatt (independent of pulse width)
rf switching time less than 10 nanoseconds (see Fig. 21)

" cold" insertion loss 0.1to 0.2 db

(unfired condition)

isolation (as defined in Fig. 22) 17 db"

arc loss (fired condition) 0.2 - 0.3 db (at rf levels above 30% of switch

holdoff power capacity)

*This figure may be better in a dual spark arrangement,
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The characteristics of the dc trigger are as follows:

pulse amplitude 10-15 kv

pulse shape

pulse rise time

half sinusoid of 10-15 nanosecond duration

about 5 nanoseconds

The dc trigger source was a specially designed unit built by Pulse Associates

of Flushing, N.Y.

It is capable of supplying a 35 kv output pulse across a high impedance

but has not as yet been fully utilized since this requires pressurization of the spark gap.

Construction of a pressurized switch is now under way which should permit switching of

‘peak rf powers from 4-5 Mw,

Whereas the thyratron switch rf holdoff power decreases with increasing

pulse width, the dc¢

triggered microwave spark switch is not subject to this limitation.

In addition, it possesses the following advantages:

1)
2)
3)

4)

5)

6)

it is simple to construct and relatively inexpensive to fabricate;
it can be physically rugged;

at moderate power levels it can be operated at the same pressure
as the waveguide and pressure windows are therefore not required;

the electrodes, the only parts of the switch subject to wear, are
inexpensive and readily replaced;

by pressurization and change of gas fill, the power handling capacity
can be substantially increased and wear of electrodes possibly re-
duced;

by control of pressure, the switch can be used over a wide range of
rf power levels at large pulse widths, if desired, with a minimum
dc power consumed in the switching, since a small fraction of the
rf power will supply the power to maintain the discharge.

R
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IV. Interaction of High Microwave Fields with Metals

Profs. H. Farber, J.W.E. Griemsmann, M. Sucher

The aim of this study was to consider the interaction of high microwave
fields with metals and to determine whether any effects (other than thermal) are pro-
duced by the microwave fields.

A resonant cavity is the optimum circuit element for achieving high-power
densities in localized volumes and for maximum energy transfer to small metallic sur-
faces. Furthermore, any non-thermal response of the metal would probably be very
small and the cavity, by becoming detuned, would enhance any small impedance change
of the metal specimen and thus make this change readily observable.

Several cavity configurations were analyzed. One design objective was to
have the electric field tangential to the surface of the test piece since electron bombard-
ment (by multipactor or by gas discharges) of the metallic surface could be a major
factor in heating or eroding the sample. The results of the analysis indicated that a
coaxial cavity resonant in the HOll mode would be best suited for these studies. The
construction of such a cavity with provisions for evacuation and replacement of the cen-
ter conductor is shown in Fig. 23.

The ratio of inner to outer radius was chosen as 0.1 to obtain the maximum
power transfer per unit area to the center conductor whichis the test specimen.
(See Fig. 24.) Low power microwave measurements gave the following cavity para-
meters:

1) Unloaded Q = 10,000
2} Tuning range 5.1 - 5.5 kmc
3) No iuterfering modes at 5.3 kmc within total tuning range

4) TE,, mode resonance possible at 5.5 kmc

31
Several center conductors of aluminum, copper and steel were prepared
with wall thicknesses of 1/8 inch and 3/16 inch. In spite of numerous waveguide window
failures, a successful measurement was made with an aluminum center conductor
(3/16 inch wall thickness). The test conditions were as iollows: the pressure in the
cavity was maintained below 6 x 10.5 mm Hg by limiting the rate at which the microwave
power was increased; the microwave power was pulsed at 830 pps, at a pulse width of
1.2 microseconds. The microwave circuit is shown in Fig. 25. The average incident
microwave power was measured with a power meter and directional coupler, and the in-
cident and reflected powers and the stored energy were monitored simultaneously on a

Tektronix 551 oscilloscope. A typical oscillogram is shown in Fig. 26
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The aluminum center conductor failed after 19 minutes exposure to an
average incident power level of 250 watts. Approximately 20% of this power is dissipated
in the center conductor while the remainder is lost to the cavity walls,

The aluminum conductor broke into two pieces. A photo-micrograph of one
end is shown in Fig. 27.

After the cxperiment, the outer cavity wall was observed to possess a highly
reflective coating of aluminum which had been evaporated from the center conductor,
Since aluminum does not sublime, the surface of the center conductor must have been
molten during the experiment,

When the power level was raisced to 400 watts average input power, the
aluminum was melted within 10-30 scconds. In fact, it was possible to resonate the
cavity even when 3/8 inch of the center conductor had melted and slowly separated into
two parts.

A similar series of experiments was carriced out using stainless steel center
conductors. At powvr levels ranging from 75 watts to 400 watts input the iemperature
of the center conductor ranged from a very dull red to a bright yellow, corresponding to
an optical temperature of 2000°F These teinperatures were attained within 30 seconds
of the application of power. Ir all cases. the ¢avity was coated with a mixture of nickel
and iron. At the higher power levels breakdown within the cavity was a problem. This
resulted from the appreciable thermionic emission from the center conductor which, in
association with the high microwave fields, gave rise to a multipactor discharge.

A series of measurements using cw power was nen undertaken to determine
whether any appreciable diffcrence existed bhetween the effect of ew and pulsed power.

Special arrangements wore made wita tne Soerry Rlectron Tube Division in Gaincaviile,
Florida to use their hich power ow tube facilities.  The series of measurements with

stainless steel was reprated and no appreciable difference was noted betweea tne cw
and the pulsed power tests. A few tests were nade at atraospheric pressures and these
gave similar results to the tests in vacuum cox.opt that 10-15% higher input powers were
needed in the 200-400 watt range.

At power levels of 600-650 watts, 3-30 seconds were required to melt the
stainless steel samples at the center. The nmiclted regions ranged from 1/16 inch to
1/4 inch along the axial dimension.

These measurements indicated that the interaction of the high microwave
fields with the metal center conductors resulted only in the heating of the center con-
ductors and not in any field effects per s¢ since nearly equal cw and pulsed pd\vers were

required to produce the sarae result,
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Tt may be of interest to note that the fields on the center conductor were

about 40 times as large as they would have been in free space for the same input power.
Further, if we consider the cavity as a transformer for matching the impedance of the
metal surface to free space, we tan compare the power absorbed by the central region
of the cold center conductor with that absorbed by a unit of surface uniformly illuminated
by a plane wave in free space. Assuming the same available generator power for both

cases, the ratio of the absorbed powers is 1000 to 1.
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Fig. 7 Chief Spectral Components of Phase-Modulated Klystron
Output Produced by Beam Voltage Pulse of Fig. 6
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Fig. 10 Photograph of Waveguide Thyratron Switch




24

CHARGING DISCHARGING
| CIRCUIT CIRCUIT *]
ISOLATING SWITCH PULSE FORMING
ELEMENT TUBE NETWORK
ip
_l_ TRIGGER
I o

BLOCK DIAGRAM OF CHARGING AND DISCHARGING
CIRCUITS

y Lus) LOW CAPAC- .
i HOLDOFF v ITANCE 300 ?gAxJ%IF)gL)\BLE
- DIODE ! I TRANSFORM- 023
ER
ANODE
= : LOAD
__RF_ I] K RF_{s00
TRIGGER GRID ¢ An LA \four =
o—o FILTER o1 "
INPUT ?CIRCUIT %4009 CATHODE WINDOWS
-n- -L T Ece WAVEGUIDE
I AND CONTROL
- GRID
O i1 —
3 ¢ 410 SPOKE
1OV-60~ “»«—o FILAMENT VOLTAGE $ RESIoToR To
—— ihsus
1HOV-60 ~ ‘“’:: RESERVOIR VOLTAGE +
[ —
VARIACS
FIG. It  SCHEMATIC OF MODULATOR

GC-48




25

SYNCHRONIZING
PULSE TO
TRIGGER
GENERATOR

TIME (usec)

.25
e
9y

— i oy

\ SHAPE OF UNLOADED
GRID - CATHODE \

TRIGGER PULSE :
TRIGGER \ .
VOLTAGE -

ol ~— .03 diy
TUBE ar
CURRENT

(AMPS)

=30x107 amps/sec

1.0

-~ 06 COMMUTATION INTERVAL

ANODE FALL
3600

Py :
ANODE - CATH-
ODE DROP
(VOLTS)

e l2x 10'! volts /sec

o20

FiG.12. TYPICAL THYRATRON SWITCH TUBE
WAVEFORMS

6C -44




26

L

KlddNS

[avo |

Su-

BAIN| [
_mu;oo._ oud

1

LANAOW
HOLSINYINL
GNY ¥OLJ343C

MOLYNNI LIV

WHOM LN Qvol ¥3dNoJ
ONINYNOS 33IM0d TUNOILDFUIC
3$Nd HOIH QYUMBO 3

ALITNOVS LS3IL H3IMOd HOIH €191

3SINa
ONI ZINOHHINAS

Irql..

I

MOLUNINIO
#3991l

vuw
4O1S1S3Y A34dnS
ONIdNTS .n u IMO
INFBEND S
Frvvralta: T ‘l 351nd
S : #3901 3804
b 239NYAGY
[
ETE) S3LIN |
T:;on i 43IM00
T =
J.cumum_\o S L;!l
_aw9 LNNOW T INnOw
TOMINGD NY HOLSINIHL HOLSINMIHL
30INOIAIM any zonEo aNv 0193130
«—- SMOQNIN | — *
| 300n173 osszut«. TNOLYANILLY
e N ¥37dN0D 5374n02
— 4 L._ds;umm_a IYNOILI3WO
| 3suanzs | | Ouwmsos
~o
~

SHOLY INSN) MV TAN

NOIO3N SIHL NI %IN¥LS JuV

HOLIMS SNO3SYD

Qvon
43M0d -

CEFEIL
3SYHd

HOLYINDBID

[ ,.

AVI30 HLIM
HOLYH3INID
ONINIL

BoameINZE |
ONIAY 30 |

ummoﬂi
§39%tes -
- L] ﬂ

a3Av130

32uNn0S
¥3MOd
IAUMONOIN




27

REFLECTED
PULSE

REFLECTED
PULSE

TRANSMITTED
PULSE

— TRANSMITTED

-TUBE

«— time (psec) FIRED

TUBE FIRED

PEAK POWER: 330 kw = =3 pULSE
PULSE WIDTH: 3usec

FREQUENCY: 5300mc TRANSMITTED

X 5 o PULSE
\- time (psec)
TUBE FIRED

FIG. i4 OSCILLOGRAMS OF RF SWITCHING

GC-l2l

-
i ";@;q‘l';qg: i




28

TOP VIEW !
/HOLE FOR TRIGGER ELECTRODE

7]
L

(STANDARD WAVEGUIDE FLANGES ARE NOT SHOWN)

INDUCTIVE IRISES
- / /

4 T 0.872
0.436 l
L
A‘_.‘L—O.942—‘I
SECTION A-A
/// o.{m
—| 0936 p— |
o 1.872—

Fig. 15 Swayback Waveguide Spark Switch

GC-9



29

DC
SPARK GAP

STANDARD C-BAND
WAVEGUIDE SECTION

IRIS

=7
S/ NN

Fig. 16 Modified Spark Gap Configuration




30

3
i
i
3
i

ouT

TRIGGL K ‘E_
ELECTRODE 7 ,
P ___.——\_ .
in ’E.

3db HYBRID &
COUPLLR
ONLY ONL PAIR OF

IRIS WINDOWS

Fig. 17 Swayback Waveguide Spark Switch with Hybrid Coupler

34/.an

INCIDENT RE PULSF
IOOKW PLAK

.25
$8C
K /\ \ DC TRIGOLE R
6.5 KV PLAK
0.18 jLsec
M
\0
G MEFLECTED
4 HE PUL St

Fig. 18 Pulse Forms Shown on Oscilloscope

SN L ke et e e e e L

TRANSMIT IED
RF PULSE




ot

3)
MOVABLE SHORT
2 /
| -/
4 3
| :
‘-——— HYBRID COUPLER ———.L B
SHORT-CIRCUITED
CAVITY WITH
TRIGGER

TEST SWITCHING ARRANGEMENT
FIG.19

ot




32

(@ CONVENTIONAL C-BAND WAVEGUIDE (@) D-C TRIGGER ELECTRODE

(@ TRUNCATED CONE ELECTRODES (® DIAPHRAGM TO ADJUST THE
IRIS

@ INSULATOR

FIG.20a TRUNCATED CONE MICROWAVE SPARK GAP
’ WITH IRIS

GC-li8




33

dV9 YHVdS 3JAVMOYOIW Q34399141 0204 40 DJILVW3IHOS 902™old

HOLVINSNI

3AIN93AYM
/ 7 o 2l e e L e e

324N0S
4399131 43snd
JOVLIOA HOIH

N
5
7

YIS S Y o L e 2

HIOs,OOOERONRERER

&




TRANSMITTED
PULSE

REFLECTED
PULSE

TRANSMITTED
PULSE

REFLECTED
PULSE

0.2 Ol o

RF POWER: 600 kw

DC TRIGGER: 15 kv

SCOPE: TEKTRONIX 545A

SWEEP TIME: 20 NANOSECONDS/ cm

FIG.21 Oscillograms of switching by
dc triggered microwave spark

GC-124

g
%l
;




35

PLANE OF SPARK GAP

P
TRANS

|
+
|
|
|
|
P \
REFL
\ SHORT SLOT HYBRID

Fne

TERMINATING SHORTS ARE ARRANGED SO Porans

TS MVANTIWUM IN ABSENCE OF SPARK, WHEN SPARK

IS TRIGGERED P DROPS AND P__¢, RISES.

trans
ISOLATION IS DEFINED AS 10 LOG(P;, ./Pyrans)
AND ARC LOSS AS 190 LOG(Pinc/P 1)} FOR

SWITCH IN TRIGGERED STATE.

ref

F1G. 22. TEST ARPRANGEMENT FOR DC TRIGGERED MICKOWAVE SPARK

GC-123




36

— 1, 2.000
777. NN\ NN
\,
VITON "0"RING N
\ M
, 4l m ﬂ STAINLESS
. ) STEEL
N l N
A “m [
w
N
VITON
i STAINLESS "O'RING
[ STEEL
. . B ./I
MY\ i 4 ya y yd Z yd e i L W

F1G.23. COAXIAL CAVITY

.o ! 3 J
‘\\\\\‘L

GC-38



8£-09

ALIAVD TVIXVOD '€2'91d4

” _ N 13348 W
oNIYO, [N : I- SSIINIVLS -
NOLIA 7 RN "
\ :
N ] N
w =
m wu... 00 v
N
73318 ﬂ .w \
SSIINIVLS ﬂ W
M ' ONIY,0, NOLIA
N
AN // / \
!
000°'2 —fe— e —
p\ /_ %ﬂ




(1N3083d NI Y474

09 05 ov os : 02 ol 0
[ —
——
gs21= — ol
17 =0 2914 T
let=§ l/
191" =D Ny
02
91 = q\ /
€680 = D \
m / o¢
ALIAVD 3HL NI
Q3LVdISSIA ¥3MOd VIOL = '
LVdISS TN D ov
MOLONANOD 8260 = D
¥3IN3D Ol H3IMOd = d
295G = oS
"O3, . 300W LNVNOS3Y
09
I
D
R S oL
q T 0/q 'SA ALIAVD
¥ AN AVIXYOD 4O HOLONANOD «.w.
191 :q HO4 Y31IN3O 3HL NI G31vdIsSSia q

43M0d V10L 40 LN3J¥3d v

o1d




LINJ¥ID 1S31 3IAVMOYIIN 'G2'914

3N8VINVA NOYLINOVYN
+

&‘
D\'._T Jm%.w l._v_\r\v__lﬁuhmvml M HOLYINAOW

NOILVLS m“wwm vﬂwm .._Pm%w..‘_»wmﬁwm
oz_:owmu z:uw<> GONV ¥313W
Linaod 43IMOd OL
m 1HOHS % SMOGNIM ﬁ —

+
1Sd G1 ISd O€
1Sd 81 a,on;:;H g

130 4399141
340980711280 01




19

SWEEP= 0.5 usec/cm .

POWER RELATIONSHIPS DURING TEST

a: INCIDENT POWER
b: REFLECTED POWER
c: ENERGY STORED iN CAVITY

FIG. 26
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